Introduction
With the advent of nanoscience and nanotechnology, carbon nanoforms, including fullerenes, carbon nanotubes, and graphene, 20 have become the most popular nanomaterials due to their excellent mechanical, electronic, and thermal properties. 1 In particular, the successful isolation of single-layer graphene in 2004 caused a worldwide revolution aiming at the utilization of its unique structural and electronic properties in fields such as 25 nanoelectronics, biosensors, supercapacitors, catalysis, nanomedicine, intercalation materials or polymer composites just to name a few. 2 Likewise, the appealing features of fullerenes 3 and carbon nanotubes (CNT) 4 also make them attractive building blocks for the aforementioned applications. 30 Two major drawbacks hamper, however, the application of CNT and graphene for practical purposes, namely their lack of solubility in common solvents and their relative inert surfaces. To overcome such setbacks, both covalent and non-covalent chemical modifications have been investigated in recent years. On one hand, the non-covalent functionalization of CNT and graphene endows them with satisfactory solubility, while conserving their major structural characteristics. In most cases, the stability of the conjugates is, nevertheless, strongly influenced by the experimental conditions (solvents, pH, temperature, etc.). The covalent functionalization, on the other hand, results in stable products, but implies the saturation of some of the sp 2 carbons of the CNFs' framework. 7 As a matter of fact, the electronic properties are accordingly impacted. At the fundamental level, the chemical reactivity of sp 2 -45 hybridized carbons is affected by the curvature, which alters the distribution of electron density in graphene and CNT. The chemical inertness of graphene can be easily understood on the basis of its planar framework, although its reactivity increases at the edges compared with the basal plane. For CNT, a direct 50 correlation between tube diameter and reactivity exists. The pyramidalization angle among carbon bonds, that is, the difference between the sigma-pi orbital angle and 90º, and the π-orbital misalignment between carbon atoms decrease as the diameter increases, rendering small-diameter CNT more reactive 55 than large-diameter CNT. 8 Despite the fact that the covalent chemistry of carbon nanoforms has been intensively probed, to date, only a few studies focus on the comparative assays regarding these carbon frameworks.
9 Considering, for example, the basic details of 60 chemical reactivity regarding either flat or curved sp 2 -hybridized carbon materials different consequences should stem from their chemical functionalization.
The thrust of the present study is to perform a systematic and comparative analysis between the general reactivity of different 65 types of CNT and graphene in light of benchmark reactions, which allows evaluating the properties of the different products. The reaction of all CNF with diazonium salts of aromatic compounds, bearing also alkyne functional groups, yields directly arylated derivatives that further react in a click process. 70 Specifically, the combination of arylation and Cu-catalyzed Huisgen 1,3-dipolar cycloaddition of azides and alkynes (CuAAC) is widely applicable in organic and supramolecular chemistry and has recently been employed with great success in the area of CNT and graphene chemistry. 10 In addition, π-extended 75 tetrathiafulvalenes (9,10-bis(1,3-dithiol-2-ylidene)-9,10-dihydro-has been widely used to form electroactive architectures when linked to fullerenes and CNTs. Importantly, efficient electronic 5 communication between the carbon nanoforms and exTTF has been documented for the ground and excited states by means of steady-state as well as time-resolved spectroscopies.
12,13

Results and discussion
The synthesis of the different CNF-exTTF conjugates is 10 described in Scheme 1. Note that the representation provides only a simplified view of the starting materials, namely SWCNT, MWCNT, and graphene. Following a previously reported procedure, 14 exTTFs were endowed with azido groups, which were subjected to a click chemistry reaction with the terminal 15 ethynyl groups of the desired carbon nanostructures. 18 The appearance of this band at 2159 cm -1 for SWCNT-1 ( Figure S1 ), at 2156 cm -1 for
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MWCNT-1 (Figure 1 ), and at 2165 cm -1 for GR-1 ( Figure S2) corroborates the presence of alkynes on the corresponding surfaces. These bands disappear after CuAAC reaction with azido-exTTF 2 for all of the carbon nanostructures, that is, SWCNT-2, MWCNT-2, and GR-2. This is due to the formation Figure S3 ) is used to quantify the amount of covalently anchored groups. The latter increases from 0.064 for pristine SWCNT to 0.283 for SWCNT-1. For SWCNT-2, the I D /I G ratio remains, 10 however, constant with 0.284. As such, the subsequent click reaction takes only place with the alkyne groups previously anchored to SWCNT. Moreover, the G tangential mode experiences a small up-shift (1-2 nm) going from pristine SWCNT to SWCNT-1 and SWCNT-2. This is in sound 15 agreement with previous findings regarding the non-covalent modification of SWCNT with exTTF-based receptors.
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In contrast to SWCNTs, the intensity ratio between the D and G bands for MWCNTs increases only slightly from MWCNT to MWCNT-2, although the broader G band includes contributions 20 from disorder, defects, or intercalation between CNT walls ( Figure S4 ). Graphene samples excited at 532 nm reveal the typical Raman peaks of exfoliated graphite, namely, the D-, G-, and 2D-bands 30 centered around 1340, 1565, and 2678 cm -1 , respectively. Upon exfoliation, a slight increase in the D band intensity is noticed due to defects induced by the ultrasonication process. A significant change in the shape and intensity of the 2D peak compared to bulk graphite is observed ( Figure S5 Figure 2 shows a typical Raman spectrum of GR-2 and a statistical distribution of I 2D /I G intensity ratio for a GR-2 suspension drop casted onto SiO 2 . The statistical distribution of I 2D /I G is best fit with a Gaussian distribution function, which peaks at a ratio of 0.4. For 50 bulk graphite or few-to multi-layer graphene the intensity ratio is 0.7 or less. 24 As such, the Raman spectra prompt to predominantly few-layer graphene, which likely originate from the initial exfoliation step performed with NMP. In sound agreement with the transmission electron microscopy (TEM) measurements - 55 vide infra -we concluded that we are dealing, at least upon drop casting, mainly with few-to multi-layer graphene. To estimate the grafting density, thermogravimetric analysis (TGA) measurements were performed. A significantly higher degree of functionalization was obtained for SWCNT-1 ( Figure   65 3) when compared to MWCNT-1 ( Figure S7 ) and GR-1 ( Figure  S8 ) under similar reaction conditions. More specifically, the weight loss measured for the thermal decomposition of the phenylacetylene groups in SWCNT-1 was 26 % compared to 8 % for MWCNT-1 and 14 % for GR-1. As expected, the carbon 70 nanostructure reactivities were found to depend on their topography. A higher curvature in, for example, SWCNTs renders them more favorable for covalent chemical reactions than MWCNT or graphene sheets. Moreover, the linkage of the electron-donor exTTF via click reaction increases the observed 75 weight loss. The total decomposition due to the SWCNT-2 functionalization was 38 %, which refers to a 12 % increase compared to SWCNT-1. From this we estimate 1 functional group per 72 C atoms. For MWCNT-2, the weight loss is 21 % (29.6 % total weight loss), which corresponds to 1 functional 80 group per 106 C atoms. For GR-2, the weight loss of 6.9 % (21.3 % total weight loss) corresponds to 1 functional group per 168 C atoms (see Figure S9 for a direct comparison on the TGA curves of the three functionalized CNF-2). 25 In summary, TGA measurements provided first insights into the efficiency of the click reaction and suggested that not all phenylacetylene groups were further functionalized through the copper catalyzed click located at 401.5 eV is attributed to one nitrogen atom of the triazole ring, while the other two nitrogen atoms give rise to the second peak at 400.1 eV. 27 An analogous behavior was observed for SWCNT-2 and GR-2 ( Figures S10 and S11 ). The absence of the peak corresponding to the free azide groups at 405.0 eV 30 unambiguously proves that the azido exTTF is covalently attached to the carbon nanomaterials rather than beeing simply physisorbed onto the surface by π-stacking interactions. 28 A single S 2p signal at around 170 eV was found for the samples subjected to the click reaction, indicating the presence of sulfur To complement the characterization of the nanoconjugates, TEM investigations were employed to study their morphology. On one hand, detailed analyses of pristine SWCNT revealed mostly the presence of SWCNT bundles. SWCNT-1 and SWCNT-2, on the other hand, appear with larger diameter, and 50 smaller bundles that coexist with the presence of individual SWCNT, as a result of the effective functionalization ( Figure  S12 ). This finding is in line with the increase in intensity of the D-mode in the Raman spectra ( Figure S3 ). On the other hand, the general aspects of the pristine and functionalized MWCNT are 55 similar in terms of diameter and length ( Figure S13 ).
Graphite exfoliation up to micrometer-sized graphene flakes with thickness of bi-or tri-layer graphene was supported by TEM microscopic analysis ( Figure S14 ). However, reaggregation of graphene flakes prior to functionalization was only partially 60 prevented by keeping the sample in solution, since GR-2 samples reveal few-layer graphene sheets, which appear crumbled and intertwined ( Figure 5 ). The electrochemical properties of SWCNT-2, MWCNT-2 and GR-2 materials were studied by cyclic voltammetry (CV) and compared with a reference sample of exTTF 2. In all samples, the single two-electron and chemically quasi-reversible oxidation of the exTTF unit to form dicationic species is clearly discernible. The oxidations are noticeably broader and positively shifted by 220-270 mV relative to the reference system 2 ( Figure 6 ), which is likely to be a result of the intramolecular electronic interaction between the electroactive units (CNF and exTTF) in the nanoconjugates, as previously observed in related samples. 13a,b, 29 75 To further evaluate the impact of the covalent functionalization on the electronic properties of the carbon nanoforms synthesized and to investigate the possibility of the formation of radical ion pairs that include the oxidation of exTTF, and the reduction of the different carbon nanoforms, we employed absorption, emission, 80 and transient absorption spectroscopy.
When different SWCNT, SWCNT-1 and SWCNT-2 suspension in N,N-dimethylformamide (DMF) were investigated by absorption spectroscopy, in line with previous studies, 30 the absorption features of covalently functionalized SWCNT are 85 notably blue shifted when compared to the pristine sample ( Figure 7 ). In particular, SWCNT reveals absorption maxima at 560, 661, 741, 814, 1006, 1072, 1172, and 1313 nm. After SWCNT functionalization, the transitions at higher energies in, for example, SWCNT-1 undergo slight hypsochromic shifts to 90 558, 652, 733, and 812 nm, while those at lower energies are shifted appreciably stronger, that is, to 989, 1051, 1145, and 1279 nm. The absorption spectrum of SWCNT-2 reveals only a minor shift to 557, 655, 734, 810, 998, 1054, 1154, and 1287 nm. This is likely due to a redistribution of charge density within the covalently functionalized SWCNT. In addition to the absorption assays, we subjected pristine 10 SWCNTs, SWCNT-1 and SWCNT-2 to fluorescence measurements in DMF. Accordingly, measurements performed with pristine SWCNTs reveal maxima at 1057, 1128, 1211, 1305, and 1419 nm, which correspond to (10,2), (7, 6) , (11, 3) , (13, 2) , and (9,8) SWCNT, respectively (Figure 8 ). 31 It is important to 15 note that the fluorescence features mirror image those seen in the absorption measurements. For SWCNT-1 and SWCNT-2, a similar fluorescence pattern was found with just minor hypsochromic shifts relative to pristine SWCNT (Figure 8) . Moreover, the comparison between the fluorescence of the 20 functionalized SWCNT with that of pristine SWCNT at equal absorbances at the excitation wavelength, as shown in Figure 9 , unravels quenching of the SWCNT fluorescent features. As a matter of fact, the fluorescence intensities of SWCNT-1 and SWCNT-2 are quenched, with values of 82 and 63 %, 25 respectively, relative to pristine SWCNT. While the fluorescence quenching between SWCNT and SWCNT-1 is due to functionalization, the quenching, which relates to a comparison between SWCNT and SWCNT-2, has the additional contribution from an energy and/or electron transfer. 
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In other words, a negative imprint of the van Hove singularities evolves. As Figure S15 shows, all features decay similarly during the recovery of the ground state with two major lifetime components (i.e., 1.5 and 80 ps). Overall, no particular shifts of the transitions were observable during the decay. Notably, this Unfortunately, the lower degree of functionalization achieved in MWCNT and graphene samples do not allowed a proper photophysical characterization of the aggregates formed. As a matter of fact, following photoexcitation at 387 nm, the 30 differential absorption spectra of GR-2 are like those seen for the starting material, that is, exfoliated graphite ( Figure S17 ). In the visible, we note an ultrashort lived transient -in the form of bleaching -between 550 and 800 nm. This transient transforms within 0.5 ps to a featureless and broad transient. In the near-35 infrared, a distinct bleaching evolves between 800 and 1400 nm and beyond. It is formed with approximately 0.5 ps and can be assigned to a graphite-related phonon bleaching. A closer look at the kinetics at, for example, 625 and 1100 nm reveals that the transformation of the earlier is linked to the formation of the 40 latter. Nevertheless, both decay monoexponentially to reinstate the baseline. From the lack of any metastable transient, on one hand, and that neither spectroscopic nor kinetic differences emerge relative to exfoliated graphite, on the other hand, we conclude the absence of electron transfer in photoexcited GR-2. 
Conclusions
We presented here a comprehensive assay on the covalent 60 functionalization of carbon nanoforms by means of the wellestablished CuAAC reaction. To this end, phenylethinyldecorated SWCNTs, MWCNTs, and graphene were prepared by arylation with diazonium salts under mild conditions in very good yields. All intermediates and materials were characterized by TEM microscopy. Furthermore, by this covalent method, we have functionalized SWCNTs, MWCNTs and graphene with an electroactive molecule, namely i.e. exTTF, which is evidently observed in the solution electrochemistry performed with all the materials. For 5 SWCNT-2, where the density of exTTFs on the surface was the highest (1 per 72 C atoms), a new transition absorption maximum around 600 to 800 nm range is observed upon photoexcitation. Owing to the fact that the latter is an unambiguous attribute of the one-electron oxidized exTTF it documents the successful 10 formation of the charge separated state. 
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